The geochemical record preserved in lake sediments is a potentially powerful tool in archaeometallurgy. Here, sediments from Llamacocha, a small lake in the central Peruvian Andes, are used to reconstruct an ~1400 year legacy of metal extraction from Cerro de Pasco, once the largest silver mine in the world. The earliest evidence for anthropogenic lead (Pb) enrichment occurs ca. A.D. 600 and is confi rmed by Pb stable isotope ratios that match those of Cerro de Pasco ores. Early Pb pollution is attributed to precolonial smelting for silver production, which relied on galena-based fl uxes. Following colonial control of the mine ca. A.D. 1600, the switch to mercury (Hg) amalgamation for winning silver resulted in atmospheric Hg emissions, as registered in Llamacocha sediments. Both Pb and Hg deposition increased through the twentieth century, attaining peak values in A.D. 1968 and 1942, respectively. Principal components analysis (PCA) identifi es a gradient that differentiates anthropogenic from natural metals within the record, confi rming that early smelting led to the volatilization of trace metals associated with local ore mineralogy. These results represent the fi rst evidence for a major precolonial mining industry at Cerro de Pasco, provide a chronological framework for evolving extractive technologies, and are the fi rst to document widespread Hg pollution associated with colonial Hg amalgamation.
INTRODUCTION
Lake sediments offer the potential to preserve interpretable records of preindustrial metallurgical activities. In Europe, lake-sediment geochemistry has been used to address archaeological questions of metallurgical evolution (Bränvall et al., 2001; Renberg et al., 1994) , while similar efforts are just beginning for the Andes (Abbott and Wolfe, 2003; . Our knowledge of the timing and evolution of Andean metallurgy remains incomplete because of extensive looting, and over 400 years of mine-site degradation associated with colonial and industrial mineral extraction. Lake-sediment archives may potentially contribute not only to our understanding of the environmental legacy of archaeometallurgical activities, but also toward identifying patterns associated with the technological evolution of Andean metallurgy.
Cerro de Pasco in the central Peruvian Andes contains one the most intensively exploited silver deposits in the world. Although colonial silver mining in the region is well known from historical accounts (e.g., Fisher, 1977) , precolonial exploitation patterns remain cryptic at best. Large-scale mercury (Hg) mining began in the late sixteenth century with the development of Hg amalgamation, a process that facilitated the extraction of silver from low-grade ores and stimulated large-scale silver production in the New World. Historical records of Hg production and sale, coupled to known losses associated with amalgamation, suggest that New World colonial Hg emissions totaled 196,000 t, averaging ~612 t a −1 (Nriagu, 1993 (Nriagu, , 1994 . However, the very existence of colonial Hg pollution remains equivocal because natural archives collected outside the Andes, but still in the Southern Hemisphere, show no evidence for preindustrial Hg pollution (Biester et al., 2002; Lamborg et al., 2002) . The Andean region itself has not been investigated systematically. Thus, lake-sediment archives recovered proximal to major amalgamation centers afford a unique opportunity not only to shed light on the evolution of New World metallurgy, but also to address long-standing questions regarding the preindustrial global cycle of Hg. Here, we utilize a lake sediment core to reconstruct the history of mining and metallurgy around Cerro de Pasco, once the world's largest silver mine.
STUDY SITE
Cerro de Pasco is located on the Junín plain in central Peru (Fig. 1) . Following colonial discovery ca. A.D. 1630, it quickly became one of the world's foremost producers of silver (Fisher, 1977) . Cerro de Pasco, and the numerous nearby smaller mines surrounding it, exploit rich polymetallic (Pb-Zn-Cu-Ag) ore deposits, the primary minerals of which are enargite (Cu 3 AsS 4 ), arsenopyrite (FeAsS), aramayoite (Ag [Sb, Bi] (Einaudi, 1977; Ward, 1961) . Orebodies at Cerro de Pasco are estimated to have contained over 2 × 10 4 t Ag, 2 × 10 6 t Pb, and 4 × 10 6 t Zn, with lesser amounts of gold (Au) and bismuth (Peterson, 1965) . This study is based on a 100-cm-long sediment core recovered from Llamacocha (cocha meaning lake in the native Quechua). Llamacocha (11°4′S, 75°48′ W; 4190 m elevation) is small (0.08 km 2 ), 14 m deep, and lies within a pristine, 1.31 km 2 granitic catchment. At a distance of ~60 km southeast from Cerro de Pasco-distal to any known past and present mining activities-Llamacocha is strategically located to record regional-scale atmospheric deposition of metals associated with smelting and amalgamation in the Cerro de Pasco region (Fig. 1B) .
METHODS

Core Collection and Chronology
A sediment core containing an intact sediment-water interface was recovered using a percussion corer fi tted with a 7-cm-diameter polycarbonate tube (Blomqvist, 1991) . The core was extruded into continuous 1 cm intervals in the fi eld, and the upper sediments were dated using 210 Pb activities measured by α-spectroscopy. The lower portion of the core was dated using accelerator mass spectrometry (AMS) 14 C age determinations obtained from macroscopic charcoal (from grasses) and calibrated using SHCal (McCormac et al., 2004) within Calib 5.0 (Stuiver and Reimer, 1993) .
Sediment Geochemistry
To assess the history of regional mining and smelting activity, we analyzed the concentrations of 16 elements using a Perkin Elmer Elan 6000 quadrupole inductively coupled plasma-mass spectrometer (ICP-MS). To ascertain changes in Pb provenance, stable Pb isotopic ratios were determined using a Nu Plasma multicollector ICP-MS coupled to DSN-100 introduction system; Tl was used to correct for mass bias. The relative standard deviation of all Pb isotopic ratios was <0.1%. Elements were extracted using 1 M HNO 3 overnight, a standard extractive method for lake sediments (Graney et al., 1995) . Duplicates were run every tenth sample and were within 5% of each other. Concentrations of total Hg were determined on a Mileston Inc. DMA80 direct mercury analyzer. Blanks, duplicates, and standard reference materials were run every tenth sample. Blanks averaged 0.16 ng g -1 ; relative percent difference between duplicates was 11%; and standard reference materials were within 1% of certifi ed values. To explore any underlying relationships between the analyzed elements, a correlation matrix of the centered and standardized sediment geochemical data (21 elements) was subjected to principal components analysis (PCA) using CANOCO version 4.5 software (ter Braak and Šmilauer, 1998).
RESULTS
Core Chronology
Unsupported 210 Pb activity values decline in near exponential fashion to a depth of ~35 cm (see Fig. DR1A in the GSA Data Repository 1 ). The constant rate-of-supply (CRS) model was applied to calculate sediment ages and sedimentation rates spanning the past ~100 a (Fig. DR1B ) (Appleby and Oldfi eld, 1978) . Calculated CRS sedimentation rates were relatively constant, averaging 74 (±8) g m -2 a -1 (Table DR1 ; Fig. DR1C) . CRS ages were then combined with the calibrated 14 C dates (Table DR2 [see footnote 1]) using the mixed-effects model of Heegaard et al. (2005) , which incorporates the age-depth relationship of the dates while integrating both within-and between-sample uncertainties ( Fig. 2A) . The resulting age-depth model provides a conservative interpretation of available dates incorporating the two sources of random variability (i.e., dating uncertainty and variable time elapsed between dated horizons). Accordingly, the age model was used to derive metal fl uxes from the concentration data, which compensates for variable rates of sedimentation and facilitates comparisons to other studies (Fig. 2B) .
Geochemistry
Of the elements measured, Pb and Hg are cornerstones of our interpretations (though down-core stratigraphies for all elements measured are shown in Fig. DR2 ). This is because both are relatively immobile in lake sediments (Gallon et al., 2004; Rydberg et al., 2008) , and, furthermore, they are uniquely representative of the two predominant ore-processing techniques used in the Andes: Pb-based smelting and Hg amalgamation. Titanium (Ti) is used to represent catchment-derived lithogenic inputs (Fig. 2B ). For nearly a millennium prior to ca. A.D. 600, the accumulation of Pb is stable and low, averaging 0.07 (±1) mg m -2 a -1 . This represents the accumulation of natural, nonpollution Pb accumulation in Llamacocha sediment. Indeed, prior to A.D. 600, the deposition of Pb and Ti is signifi cantly correlated (r 2 = 0.76; n = 35; P < 0.001), indicating that weathering of local bedrock within the Llamacocha watershed largely controlled Pb delivery to the lake. After ca. A.D. 600, the deposition of Pb increases, becomes completely decou-1 GSA Data Repository item 2009257, tables of 210 Pb, 14 C, and stable Pb isotopic data; plots of 210 Pb, CRS dates, and sedimentation rates; down-core profi les of each element measured; plots of stable Pb isotopic ratios; and the down-core fl ux ratio profi le for both Pb and Hg, is available online at www.geosociety.org/pubs/ft2009.htm, or on request from editing@geosociety.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA. pled from Ti (r 2 = 0.02; n = 63), and 206 Pb/ 207 Pb ratios markedly decrease (Fig. 2B) .
By ca. A.D. 1600, Pb accumulation rates had risen to 0.6 mg m -2 a -1
. However, in contrast to Pb and the other trace metals, Hg fails to increase over this 1000 a period, remaining constant at ~1.5 (±0.2) µg m -2 a -1 (Fig. 2B ). This likely refl ects the absence of Hg within local ores, and the fact that Hg was not directly utilized during precolonial smelting activities. The fi rst clear increase of Hg within Llamacocha sediment occurs at A.D. 1600. Hg fl ux more than doubles (Fig. DR2) , rising to 3.9 µg m -2 a -1 by 1650 (Fig. 2B) . The deposition of Pb also increases across this period, but to a lesser degree. We therefore suggest that this fi rst appearance of Hg pollution represents the adoption of Hg amalgamation as the predominant silver-extractive technology at Cerro de Pasco, closely following colonial takeover from indigenous metalsmiths (see following discussion).
Further increases in Pb and Hg are noted in Llamacocha sediment during the nineteenth century, and peak values for each metal are reached in A. D. 1968 and 1942, respectively (Fig. 2B) . Twentieth-century Pb deposition peaks two orders of magnitude above background levels (Fig. DR2) , representing massive enrichment associated with extensive local mining activity. This Pb enrichment is accompanied by sediment isotopic ratios that match closely those of Cerro de Pasco ores ( Fig. 2B; Fig. DR3 ) (Mukasa et al., 1990; Sangster et al., 2000) .
Our interpretation of the geochemical data is supported by the PCA results (Fig. 2C) . The fi rst PCA axis (hereafter PCA1) explains 61% of the variance observed within the geochemical data set. Those trace metals that are associated directly with metallurgical pollution (e.g., Hg, Pb, Sb, As, and Zn) all produce strong positive loadings on PCA1. In contrast, elements that are attributed primarily to lithogenic sources (e.g., Ti, Sr, Al, Sc, and Na) produce negative PCA1 loadings. These relationships imply that PCA1 defi nes a synthetic geochemical gradient that separates metals delivered to Llamacocha sediments by catchment processes from those associated with atmospheric deposition. Thus, when arranged stratigraphically (Fig. 2B) , increasing PCA1 sample scores record the relative importance of anthropogenic contributions from metallurgical sources to the overall geochemical record.
DISCUSSION AND CONCLUSIONS
Given Llamacocha's proximity to Cerro de Pasco, we attribute the initial increase of sedimentary Pb fl ux and the synchronous decline in 206 Pb/ 207 Pb ratios to the rise of smelting in the region. Our chronology suggests that this occurred ca. A.D. 600, coinciding with the expansion of the Wari Empire out of the Ayacucho Valley (Fig. 1A) . The Wari were the largest pre-Inca empire in the Andes, and they maintained both direct (i.e., occupation) and indirect (i.e., trade) control of the central Andes until ca. A.D. 1000, when they abruptly collapsed (Isbell, 2008; Moseley et al., 2005) . While there have been few Wari silver artifacts excavated archaeologically, there seems little doubt from the Llamacocha sediment record that smelting activity increased steadily during the ~400 years of Wari infl uence. However, the collapse of the Wari appears to have carried little consequence for smelting at Cerro de Pasco, since rates of Pb deposition increase across the cultural transition (Fig. 2B) . This observation suggests that while metallurgy at Cerro de Pasco was perhaps initiated by the initial expansion of Wari, it was decoupled from the empire's demise.
This subsequent interval covers the expansion and apogee of the Inca civilization (ca. A.D. 1450-1532), the largest precolonial empire of the New World. Due to the low sedimentation rates within Llamacocha at this time (Fig. DR1C) , the Inca period is poorly resolved in the record. However, it is during this interval that Pb ratios (1.245 for local bedrock and 1.200 for Cerro de Pasco ore) suggests that ~95% of the Pb within Llamacocha sediment was derived from atmospheric pollution from Inca time onward. Indeed, archaeological research suggests that regional silver production increased under Inca authority, likely driven by demand from Inca nobility for precious metals as a tribute tax (Costin et al., 1989) . The geochemical record therefore suggests that smelting at Cerro de Pasco not only occurred continuously, but it likely increased progressively over the entire precolonial interval captured in sediment record. Although knowledge of early extractive technologies remains fragmentary, the Inca are known to have exploited argentiferous galena (locally known as soroche) as a fl ux during smelting, which was conducted in clay-lined, wind-drafted furnaces called huayras (Bakewell, 1984) . The use of soroche is unquestionably associated with increased atmospheric Pb emission and recruitment to down-wind lakes (Abbott and Wolfe, 2003) , and it is likely manifested in Pb stable isotopic signatures (Cooke et al., 2007) . The results from Llamacocha therefore suggest that similar technologies may have been known to metalsmiths from considerably earlier stages of Andean cultural development.
European discovery of the Cerro de Pasco silver deposit occurred ca. A.D. 1600 (Fisher, 1977; Purser, 1971) . A large collection of unexcavated colonial smelters and grinding wheels-presumably used during Hg amalgamation and the smelting of Ag-bearing oresis located in the Chipian Valley, <10 km east of Cerro de Pasco and ~60 km northwest of Llamacocha ( Fig. 1B ; . The process of Hg amalgamation dominated metallurgy in the Andes for the next ~400 years. However, the environmental legacy of this Hg use has remained, until now, elusive. Nriagu (1993 Nriagu ( , 1994 estimated that Hg amalgamation resulted in annual atmospheric Hg emissions on the order of 400-1200 t. If disseminated globally, these emissions would have resulted in an average increase in Hg deposition rates between 0.8 and 2.4 µg m -2 a -1 . Remarkably, the Llamacocha record registers an ~2.3 µg m -2 a -1 increase in Hg accumulation at the onset of amalgamation, very near to the upper end of Nriagu's (1994) estimate. The majority of these emissions likely occurred during the heating of the Ag-Hg amalgam and thus were most likely in the form of gaseous elemental Hg (Hg 0 ). Hg 0 has an atmospheric residence time of 0.5-2.0 years, and it circulates hemispherically (and potentially also globally) (Lin and Pehkonen, 1999) . However, lakesediment archives collected outside the Andes have shown little evidence for preindustrial Hg pollution (Biester et al., 2002; Lamborg et al., 2002) . While resolving this discrepancy will require additional records-especially from the Southern Hemisphere-it is evident from this study that the Hg amalgamation generated regional-scale Hg pollution.
Around A.D. 1800, atmospheric emissions increased dramatically, as indicated by both Hg and Pb fl ux data and the trend of PCA1 (Fig. 2B) . During the nineteenth century, Cerro de Pasco was producing in excess of 60 t a -1 of pure silver (Brading and Cross, 1972; Purser, 1971) , and during the early twentieth century, construction was completed on the central Peruvian railway. The railway led to the rapid expansion of mining activities within the Cerro de Pasco region, and the central Andes in general. The Cerro de Pasco Corporation was founded in A.D. 1901, initiating a shift from silver to copper production. By 1905, two copper smelters were in operation (Purser, 1971) . Accumulation rates associated with twentieth-century mining operations greatly exceed those achieved during colonial or precolonial intervals, and Pb stable isotopes indicate that virtually all of the sediment Pb burden at present can be attributed to atmospheric pollution (Fig. 2B) . Despite recent declines, modern accumulation rates of Pb remain 94 times greater than background Pb accumulation rates. In contrast, recent rates of Hg accumulation are six times background Hg accumulation rates (Fig. DR2) , which fall in line with remote regions from around the Northern Hemisphere (Biester et al., 2007) .
While the silver deposits at Cerro de Pasco are generally believed to have been discovered by colonial metallurgists ca. A.D. 1600, the record presented here documents over a millennium of prior mining activity at levels suffi cient to deliver airborne metal pollution ~60 km from the mine site. Given the paucity of intact precolonial smelting facilities in the archaeological record, lake-sediment records associated with smelting are of considerable value in reconstructing ancient metallurgical histories. Furthermore, the sediment record is sensitive to evolving ore-processing technologies, recording the switch from reductive smelting in traditional huayras to colonial Hg amalgamation. Finally, our data confi rm the hypothesis, fi rst proposed by Nriagu (1993 Nriagu ( , 1994 , that colonial amalgamation resulted in widespread Hg pollution.
